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We consider single field chaotic inflationary models plus a cosine modulation term, as in axion
monodromy models, and augment it by a light scalar field with similar cosine coupling. We show
the power spectrum of curvature perturbations of this model is dominated by the one-loop contri-
bution to inflaton two-point function which is enhanced due to resonant interactions. This allows to
disentangle the scale of scalar and tensor perturbations and hence to suppress the ratio of tensor-to-
scalar power spectra and alters the expression of scalar spectral tilt from the simple chaotic models,
thus opening the way to reconcile chaotic models with convex potential and the Planck data. As
in monodromy inflation models, we also have a cosine modulation in spectral tilt. We mention
that contribution of resonance effects on non-Gaussianty is small and it remains within the current
bounds. Resonant production of light particles toward the end of inflation may set the stage for a
successful reheating model.
CMB temperature anisotropy observations and other
sets of cosmological data [1] are supporting inflation as
the leading paradigm for the early universe. In sim-
ple models of inflation power spectrum of primordial
gravity-waves, the tensor modes, sets the scale of infla-
tion; i.e. the value of Hubble parameter during inflation
H . Nonetheless, the tensor modes have not been ob-
served yet and there is an upper bound usually reported
through tensor-to-scalar ratio r . 0.1. The other param-
eters reported up to order 104 precision in the Planck
data are the spectral tilt ns, or first and second tilts of
the tilt [1]. The r−ns plot is usually used to discriminate
models of inflation. The remarkable precision of the cos-
mic data has already ruled out simple models of slow-roll
inflation. In particular, models of single field inflation
with convex potential has been disfavored [1].
One of the features of single field slow-roll inflation
models is thatH does not explicitly appear in expressions
for r, ns and these two are only functions of the slow-roll
parameters ǫ, η which are given in terms of derivatives
of the inflaton potential. This, together with requiring
enough number of e-folds of inflation Ne (usually Ne &
60) is the basic fact allowing for ruling out such models.
Axion monodromy inflation is among models which
has theoretical support and is consistent with the cur-
rent data [2–9]. This model has a (concave) power-law
potential, usually a potential linear in inflaton, plus an
oscillatory modulation term. The oscillatory part induces
cosine-log undulations in the spectral tilt ns and the non-
Gaussianity parameter fNL which could be used to re-
strict these models [8, 10].
In this paper we employ ideas of monodromy inflation,
namely a single field inflation model plus a subdominant
oscillatory term and augment the model by the addition
of a light scalar field which couples to inflaton through
an “oscillatory interaction term” involving cosine of in-
flaton. As we will argue this can have profound effects on
the cosmic perturbation theory of the model, while not
backreacting on the inflationary background trajectory.
We show that in our model the power spectrum of scalar
perturbations is not a function of H and its spectral tilt
differs from the usual single field expressions, while the
power spectrum of tensor perturbations PT has the usual
expression proportional to H2. This enables us to sup-
press tensor-to-scalar ratio r and hence relax the bounds
on the basic model of inflation, including the models with
convex potentials. In the rest of this Letter we show how
the model works.
THE BASIC SETUP
Chaotic inflation models with cosine modulation,
which contains family of axion monodromy inflation
models, is driven by a periodically modulated polyno-
mial potential for the axion field φ which plays the role
of inflaton and is governed by the Lagrangian [2, 3]
Lφ = −1
2
(∂φ)2 − V0(φ), V0(φ) = Λ4
(
(
φ
f
)p + b cos
φ
f
)
.
(1)
The model has two parameters of dimension of mass, Λ, f
and two dimensionless parameters b and p. Inflation is
driven by φp part and the oscillatory cos(φ/f) part in-
duces modulations on the observable signals like on the
spectral tilt or non-Gaussianity. The p = 1 in particular
and p < 2 cases in general, are the usual axion mon-
odromy model which has strong theoretical motivations
from string theory [2, 3]. In this work we keep an open
eye on p, and allow p > 2 values and keep it as a param-
eter to be fixed by observational requirements.
The background slow-roll dynamics is governed by
φ˙ ≃ −p
3
Λ4
fH
(
φ
f
)p−1, ρbg = 3M
2
PlH
2 = Λ4(
φ
f
)p. (2)
Validity of the slow-roll approximation is governed by
2smallness of the slow-roll parameters
ǫ =
1
2
(
MPlV
′
0
V0
)2
≃ p
2
2
(MPl
φ
)2
,
η =
M2PlV
′′
0
V0
≃ p(p− 1)(MPl
φ
)2 − bM2Plfp−2
φp
cos
φ
f
.
(3)
Number of e-folds of the model is given by
Ne =
∫ φi
φf
1√
2ǫ
dφ
MPl
,
(MPl
φ
)2 ≃ 1
2pNe(φ)
. (4)
As the inflaton rolls down the φp potential, the oscillatory
part oscillates with frequency ω = φ˙/f , and
α ≡ ω
H
=
√
2ǫ
MPl
f
. (5)
During slow-roll evolution ω and H are almost constants.
Observationally, modulations around the linear potential,
through the cosine term in η (3), induces undulations on
the CMB spectrum and bispectrum of the cosine-log form
[1, 3, 4, 6], which yields log10(ω/H) ∼ 1.5− 2.1 [8].
The Resonating Module. We now augment our
model with the addition of a light scalar field χ which
couples to the inflaton φ,
Lχ = −1
2
(∂χ)2 − 1
2
m2χ(φ)χ
2, (6)
where the modulated mass term can be the most general
coupling which respects the Lorentz and discrete shift
symmetries of the φ field, φ→ φ+ 2πfn n ∈ Z, as these
symmetries are protected perturbatively [2, 3]. In the
language of effective field theories, this means that [18]
m2χ(φ) = µ
2 + Gf2 cos φ
f
, G ≡ G ((∂µφ)2/f4) (7)
In particular,
γ ≡ φ˙
f2
=
ω
f
, G = G(γ), (8)
γ = ω/f is almost a constant during slow-roll period. In
our analysis below we keep an open eye on G as a func-
tion of γ. As we will see the derivatives dn lnG/d(ln γ)n
for n = 1, 2, 3 are fixed by spectral tilt ns and first and
second tilts of the tilt.
The modulated mass term has essentially two different
physical effects: (1) a copious, resonant production of
relativistic χ particles during inflation; (2) introduction
of a modulate φ − χ coupling, which affects cosmic per-
turbation theory and power spectra. In what follows we
explore these two effects and their physical implications.
Creating Relativistic Particles. The equation of
motion for mode k of χ(t) field is
χ¨k + 3Hχ˙k + (k
2 +m2χ(φ))χk = 0. (9)
We take the χ field to be light in the sense that the os-
cillatory part generically dominates over the µ2 part, i.e.
µ2 ≪ Gf2. Due to the field-dependence of the mass,
as the inflaton field φ rolls towards the minimum of its
potential the matter field χ experiences a mass modula-
tion with the same frequency as the background inflaton
ω. This leads to resonant production of χ-particles and
we should hence make sure that this does not affect the
background inflationary trajectory.
For the case of our interest α ≫ 1, the friction term
3Hχ˙ can be safely neglected and (9) reduces to
χ′′k + (Ak + 2q cos 2z)χk = 0, (10)
where prime denote derivative w.r.t. z = ωt/2 and
Ak = 4
k2
ω2a2
= 4
k2phys.
ω2
, q = Gf2/ω2. (11)
A detailed analysis of the above Mathieu equation [11]
will appear in an upcoming paper [12], here we only
present the main results. For q ≪ 1 we have a the narrow
band resonance all the time which yields production of
relativistic χ-particles. Since kphys. = k/a, it is stretched
and the resonance condition Ak = 1± q for each mode is
met only for a short period ∆t
2H∆t = 2
∆kphys.
kphys.
= 2q. (12)
In this short time interval np, the number of created χ-
particles of momentum p, is given by
np ≡ |βp|2 ≃ sinh2(q2α/4) = sinh2
( G2f4
4Hω3
)
. (13)
As we will see below the parameter space of our model
allowed by the CMB data requires q2α . 1 and nk does
not exhibit exponential enhancement.
One can compute the energy density carried by the χ
particles (which are highly relativistic for q ≪ 1):
ρχ =
1
2π2a3
∫ k<aω/2
0
dk k2 ωk nk
=
ω4
128π2
sinh2
( G2f4
4Hω3
) ≃ ρbg (qα)4
211 · 3π2
ω2
M2Pl
. (14)
That is, energy density transferred to highly relativistic
χ particles (radiation) reaches a constant value during in-
flation. Moreover, as we will see the range of parameters
we choose to have a successful inflationary model implies
ρχ ≪ ρbg. Therefore, the backreaction of resonant parti-
cle production on the background inflation trajectory is
very small.
RESONANT INTERACTIONS AND COSMIC
PERTURBATIONS
We now explore the effect of resonant interactions
on power spectrum and spectral tilt of scalar pertur-
bations. To this end we perform the one-loop inflaton
32-pt function calculations in in-in formulation [12]. In
the unitary gauge δφ = 0, the interaction of inflaton
with χ is only via the modulated mass term of χ field
m2χ = µ
2 + Gf2 cos(φ/f):
Lint. ≃ −1
2
Gf2 cos(φ/f) χ2. (15)
During slow-roll regime the argument φ/f = ωt, where
ω is almost a constant. To compute interactions we ex-
pand the inflaton field around the rolling background,
φ = ωft + ϕ, where ϕ denotes the (subhorizon, quan-
tum) perturbations of inflaton field. The above interac-
tion Hamiltonian may then be expanded as
Hint. ≃ g3(t)ϕχ2 + g4(t)ϕ2χ2 + · · · , (16)
where
g3(t) = −1
2
Gf sinωt, g4(t) = −1
4
G cosωt. (17)
Mode expansion of the χ field, recalling the production
relativistic particles in the narrow resonance band, is
χp(η) ≃ −Hη√
2p
(
e−ipη + βp θ(
α
2
+ pη)e+ipη
)
, (18)
where η = −eHt/H is the conformal time, p2 = p · p =
|p|2, θ(α
2
+ pη) is the condition for the mode with mo-
mentum p to be excited by the time η and βp is given in
(13). For the modes relevant to our loop computations
below, ωp(η) =
√
p2 +m2a2 ≃ p and ≃ in (18) refers to
the fact that it is written for modes inside the horizon
with pη & 1. Properly normalized ϕ mode function is
ϕk(η) =
H√
2k3
(i − kη)e−ikη (19)
at early times, where the modes are deep inside horizon,
it simplifies to
ϕk(η)→ −Hη√
2k
e−ikη. (20)
That is, we have used usual Bunch-Davies vacuum (ini-
tial) state for both of χ and ϕ modes. Note also that
Re ϕk(η) =
H√
2k3
(sin kη − kη cos kη) (21)
is propagator of ϕ on de Sitter space which vanishes for
superhorizon modes (kη ≪ 1).
Let us first analyze the effect of cubic interactions (16)
and the particles χ produced on the 2-pt function of in-
flaton fluctuations using the standard in-in formulation
(see [12] for details of computations). This appears as a
one-loop effect given by the following integral
〈ϕkϕ−k〉1-loop
Pφ(k)
= −4Re
∫
d3p
∫ 0
−∞
dη1
H4η41
g3Reϕkχ−pχp−k I0,
where Pφ(k) = 〈ϕkϕ−k〉vac is the power of superhorizon
vacuum fluctuations and
I0 = I0(η1,k,p) =
∫ η1
−∞
dη2
H4η42
g3ϕ
∗
−kχ
∗
pχ
∗
−p+k.
Recalling the mode expansion of χ (18) and that for the
range of parameters we are interested in βp ≪ 1, the
dominant contribution to the 2-pt function comes from
the “one-loop vacuum” (where there is no particle pro-
duction) [19] [20]. Our explicit computations of course
confirms this [12]. Therefore,
〈ϕkϕ−k〉1-loop
Pφ(k)
= −G
2f2
8H2
Re
∫
d3p
pk| − p+ k| I1, (22)
where
I1 =
∫ 0
−∞
dη1
η1
sinωt1 e
−i(p+|p−k|)η1(cos kη1 − sin kη1
kη1
)I2,
I2 =
∫ η1
−∞
dη2
η2
sinωt2 e
i(k+p+|p−k|)η2(1 +
i
kη2
).
The above integrals cannot be obtained in the closed
form, while one can compute them in the stationary
phase (saddle point) approximation:
∫ η dη′
η′
sinωt′ e±iℓη
′ ≈ ∓
√
π
2α
e±iΦ(ℓ,α) θ(η + ηs),
∫ η dη′
ℓη′2
sinωt′ e±iℓη
′ ≈ ±
√
π
2α3
e±iΦ(ℓ,α) θ(η + ηs),
(23)
where
Φ(ℓ, α) = α lnα− α− α ln(−ℓη∗) + π
4
,
ηs ≈ η0(1 + 1√
α
), η0 =
α
ℓ
,
(24)
η∗ denotes some arbitrary time and θ(η + ηs) is the step
function. The crucially important point in integrals I1, I2
is the appearance of oscillating time dependent couplings
sinωt factors, leading to resonant one-loop effects. Com-
puting the integrals in the steady phase approximation
is then straightforward, but needs special care on consid-
ering the role of step functions, which results in
Re I1 ≃ − π
2α
(
cos
αk
κ0
− κ0
αk
sin
αk
κ0
)2
(25)
where κ0 = p+|p−k| and we assumed k . κ0 and α≫ 1.
Finally we plug Re I1 into (22) to obtain
〈ϕkϕ−k〉1-loop
Pφ(k)
=
π G2f2
16H2α
∫
p
IR
p2dp dΩp
pk| − p+ k|
(
cos
αk
κ0
− κ0
αk
sin
αk
κ0
)2
=
π2G2f2
8H2
∫ ∞
A
du
∫ 2u+1
α
2u−1
α
dz
z2
(cos z − 1
z
sin z)2
4where the IR cutoff p
IR
= max(H,Ak) = Ak and
A ≃ 1 + 1/√α is a number bigger than one. The in-
tegral is naturally cutoff at UV, as for large p, κ0 ∼ 2p
and there is a oscil-log function. Note also that the main
contribution comes from momenta pη ∼ α for which
ωp(η) =
√
p2 +m2a2 ≃ p, justifying (18). Moreover,
when αk ≪ κ0 ∼ 2p, I ∝ α3/H2 k4/p4, so the integral is
UV finite. For large α the integral simplifies to,
〈ϕkϕ−k〉1-loop
Pφ(k)
=
π2G2f2
8H2
∫ ∞
2A
α
dz
z2
(cos z − 1
z
sin z)2
≃ π
3
96
(G2f2
H2
)
≡ π
3
96
(
H
H
)2 (26)
The above is our main result and shows if H = Gf & H ,
the one-loop result which is enhanced because of reso-
nance occurring due to oscillatory coupling, dominates
over the usual tree level power spectrum. Therefore,
PR ≃ π
768ǫ
( H
MPl
)2
=
π
384
G2
α2
, (27)
and for the spectral tilt we get
ns − 1 = 2d lnG
d ln γ
(η − ǫ) + 2η − 4ǫ. (28)
In a similar way one can compute contributions of or-
der βk and β
2
k as well as the contribution from the ϕ
2χ2
interaction and show that they are subdominant when
nk ≪ 1. Since the created χ particle pairs carry neg-
ligible energy compared to the background inflaton, the
analysis for tensor modes is not altered compared to the
usual case, yielding
PT =
2
π2
(
H
MPl
)2
, r =
PT
PR
= 16ǫ
96
π3
(
H
H
)2
(29)
As we see r is suppressed by (H/H)2 factor compared to
the Lyth bound 16ǫ. This, together with the ns (28) is
what allows us to relax Planck bounds on the inflation
models with convex potential.
COMPARISON WITH THE DATA
There are four parameters f/MPl, α,G = G(γ), q in
our model. The value for PR essentially fixes G/α ≃
5 × 10−4. Our model works and our analysis is valid
if q ≪ 1. The cos(φ/f) term in slow-roll parameter η,
as discussed in [8], leads to a cosine-log term in spectral
tilt ns, yielding the bound 1.5 < log10 α < 2.1. Requiring
r < 0.1, as implied by Planck data, restricts G and f/MPl
to a region roughly like f/MPl ∼ 10−5/G. The Planck
data on spectral tilt ns = 0.9587 ± 0.0056, for chaotic
models with φ4 inflaton potential, assuming 60 e-folds of
inflation, leads to d lnG/d ln γ = −1.1-−1.8. From Fig.
1 besides G ∼ 10−2, f/MPl ∼ 10−3, one can read the
range of Hubble parameter during inflation H = 0.5 −
0.001 0.002 0.003 0.004 0.005
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
f / Mpl

FIG. 1: The allowed region of G-f/MPl parameter space for
m2φ2, λφ4 theories. The contour plots of q, α and r are drawn
for the φ4 case. For the φ2 we have only drawn the allowed
region. In both φ4, φ2 cases the vertical bound on the left
comes from the lower bound on α, the lower bound curve
from r < 0.1 and the upper bound curve from q < 0.1.
2.5 × 10−5 MPl, which is lower than the usual value for
chaotic models (3.7−5.2×10−5MPl for p = 2, 4 models).
Discussion and outlook. We have presented a “res-
onant module” which could be added to arbitrary (slow-
roll) models. In this way one can reduce r and improve
their behavior in comparison with the data. As most in-
teresting examples we have shown how this works for the
φ2, φ4 models. However, our scenario besides suppression
of r can also modify the spectral tilt cf. (28) and hence
can improve on other models already ruled out by the
current data like the hybrid model [16]. We will show in
a longer paper [12] that: i) as (28) indicates, the first and
second tilt of the tilt can be used to constrain derivative
of G and, ii) while power spectrum is enhanced due to
one-loop resonant effects, there is no such enhancement
for non-Gaussianity for generic shape. Nonetheless, there
could be enhancements and modulations for the specific
case of folded non-Gaussianity, which may be compared
with the analysis and results in [10]. As we argued, the
ratio of the energy carried by the resonant production of
χ-particles to background energy during inflation is very
small. This ratio, however, grows as we come close to
the end of slow-roll. The particle production of course
continues after the end of inflation marked by ǫ = 1 and
hence provides a natural setup for (p)reheating scenario
[17].
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